ABSTRACT ABC transporters constitute one of the largest gene families in all species. They are mostly involved in transport of substrates across membranes. We have previously demonstrated that the Caenorhabditis elegans ABC family shows poor one-to-one gene orthology with other distant model organisms. To address the evolution dynamics of this gene family among closely related species, we carried out a comparative analysis of the ABC family among the three nematode species C. elegans, C. briggsae, and C. remanei. In contrast to the previous observations, the majority of ABC genes in the three species were found in orthologous trios, including many tandemly duplicated ABC genes, indicating that the gene duplication took place before speciation. Species-specific expansions of ABC members are rare and mostly observed in subfamilies A and B. C. briggsae and C. remanei orthologous ABC genes tend to cluster on trees, with those of C. elegans as an outgroup, consistent with their proposed species phylogeny. Comparison of intron/exon structures of the highly conserved ABCE subfamily members also indicates a closer relationship between C. briggsae and C. remanei than between either of these species and C. elegans. A comparison between insect and mammalian species indicates lineage-specific duplications or deletions of ABC genes, while the family size remains relatively constant. Sites undergoing positive selection within subfamily D, which are implicated in very-long-chain fatty acid transport, were identified. The evolution of these sites might be driven by the changes in food source with time.
A TP-binding cassette (ABC) transporter proteins constitute one of the largest protein families in both prokaryotes and eukaryotes. In bacteria, they are involved primarily in the import of various sugars, vitamins, and amino acids into the cell. In eukaryotes, the majority of ABC transporter proteins are involved in exporting compounds across cytoplasmic membranes or into intracellular compartments such as the endoplasmic reticulum or mitochondria. No eukaryotic ABC transporter has been found to be involved in import of compounds from outside the cell (Saurin et al. 1999) . A typical ABC transporter consists of at least one evolutionarily conserved ABC domain (also known as the nucleotide-binding domain, or the NBD), comprising $200 amino acid residues and a transmembrane domain (TMD) containing several predicted transmembrane a-helices. An ABC domain usually contains a Walker A and Walker B motif, which are also found in other nucleotide-binding proteins, and an ABC signature (C) motif, located just upstream from the Walker B site. The C motif usually contains the consensus sequence LSGGQK, which is diagnostic of ABC transporters and distinguishes them from other ATPases. The eukaryotic ABC genes are organized either as full transporters containing two TMDs and two ABCs or as half transporters containing one of each (Hyde et al. 1990 ). The half transporters are thought to form either homodimers or heterodimers to form a functional transporter.
We previously reported 60 ABC genes in Caenorhabditis elegans and classified them into eight subfamilies, A-H, on the basis of amino acid sequence and domain organization. One ABC gene, Y74C10AR.3, was missed in our previous analysis but is included here for comparative analysis. A phylogenetic analysis of the ABC genes of C. elegans and three non-nematode eukaryotic species indicated that the level of orthology is substantially lower than was expected . Release of the genome sequences of both C. briggsae (Stein et al. 2003) and C. remanei (http://genome.wustl.edu) enables us to examine the evolution dynamics of the ABC family among more closely related species.
Gene duplication is an important source for the evolution of gene diversity. Several hypotheses have been proposed regarding the fate of the duplicated copies: (1) 1 one duplicated paralog is under neutral selection and becomes a pseudogene with time (nonfunctionalization by degeneration); (2) one paralog adopts a new function following advantageous mutation (neofunctionalization by positive/adaptive selection); or (3) the original functions are partitioned between the two duplicated copies (subfunctionalization) (Lynch and Conery 2000) . It is striking that about half of the membrane proteinencoding genes in many sequenced genomes were found to be within tandem clusters (Kihara and Kanehisa 2000) . C. elegans ABC genes are also frequently observed in tandem clusters. Expression analysis of these locally duplicated ABC genes suggested that many of them may be subject to subfunctionalization ). While orthology is rare between ABC genes of C. elegans and distant eukaryotic organisms, the total number of ABC genes in each is about the same, implying that ABC genes underwent species-specific duplications and losses . Given that the subfunctionalization hypothesis provides a plausible explanation for retaining tandemly duplicated ABC genes, what selection pressures drive the evolution of closely related paralogous ABC genes within a given subfamily as a whole? To address this question, we examined whether positive selection (adaptive evolution) plays a role in shaping ABC subfamily dynamics. Selective pressure at the protein level is usually measured by the nonsynonymous (d N )/synonymous (d S ) rate ratio (v) . d N /d S is expected to be 1.0 for genes under neutral selection, ,1.0 for genes under purifying selection, and .1.0 for genes under adaptive selection. Recently developed codon-based models take into account variations of the ratio among sites (Nielsen and Yang 1998; Yang et al. 2000) . Detecting adaptive selection has played a critical role in understanding the mechanisms of molecular evolution of different gene families (Thomas et al. 2005) . ABC proteins are able to transport an unusually broad range of substrates. Evaluation of adaptively selected sites among closely related members might provide insights into the mechanisms of substrate recognition by ABC proteins.
MATERIALS AND METHODS
Prediction of ABC genes in C. briggsae and C. remanei: All 61 protein sequences of ABC transporters in C. elegans were retrieved from WormBase (WS160) ( Table 1) . To identify putative C. briggsae and C. remanei ABC genes, a single protein sequence from each C. elegans subfamily was used as a query against C. briggsae genomic sequence (cb25.agp8) or C. remanei draft sequence (C. remanei Pcap Assembly) by standalone TBLASTN (available from NCBI) using default parameters. Contig hits with an E-value ,10 À10 were pooled and redundant hits were removed. These contig sequences were subjected to ab initio gene prediction by FGENESH (Salamov and Solovyev 2000) and/or GenScan (Burge and Karlin 1997) . The resulting protein sequences were used as query to scan Pfam (Bateman et al. 2002) to identify candidate ABC genes. Then these candidates were searched against WormPep (WS160) by BLASTP. If more than five of the top hits are ABC genes, the query is retained as an ABC gene. The putative ABC genes were further classified into eight different subfamilies as described previously . The resulting C. briggsae ABC gene set has been integrated with those annotated in WS160. To refine ABC gene annotation in C. remanei, we have also used homology-based gene annotation programs, including GENEWISE (Birney et al. 2004) and EXONERATE (Slater and Birney 2005) , to take the advantage of the high-quality annotation of its sister species, C. elegans. The C. remanei genome sequences have been assembled and made publicly available by the Washington University Genome Sequence Center (http:/ /genome.wustl.edu/). Protein sequences coded by C. elegans ABC genes were taken from WormBase (WS160) . The annotation procedure consists of two major steps. First, C. remanei genomic sequences that encode candidate ABC genes by using C. elegans ABC genes as query to search the C. remanei genomic sequences database using WU-BLAST (tblastn) (Lopez et al. 2003) . Regions that best match the query C. elegans ABC genes were parsed and recorded. Second, each C. elegans ABC protein and its corresponding C. remanei genomic region were fed to EXONERATE with the setting ''-model protein2genome -n 1-refine full'' and to GENEWISE with the setting ''-gap 12 -e 8 -alg 623L.'' Protein sequences and gene models are parsed and recorded for further analyses and display. The ABC gene set from FGENESH and GENEWISE predictions was finally subjected to substantial manual editing to correct improper predictions such as intron/exon boundaries, open reading frame (ORF) fusions, splitting, and missing exons. The genomic positions of putative ABC genes in C. briggsae and C. remanei are listed in supplemental Table 3 at http:/ /www.genetics.org/supplemental/.
Ortholog assignment: To assign C. briggsae or C. remanei orthologs for C. elegans ABC genes, a multiple alignment was generated for each subfamily using sequences from the three nematode species, humans, mice, and two insect species, Drosophila melanogaster and D. pseudoobscura. Alignment was done with CLUSTALW with gap distance¼0 and matrix¼ BLOSUM but otherwise default settings (Higgins and Sharp 1988; Thompson et al. 1997) . Regions with many gaps were removed from the multiple alignments using BONSAI (J. Thomas, personal communication) . The resulting alignments were used to estimate a maximum-likelihood (ML) phylogenetic tree with 500 bootstraps using the PHYML program with the following parameters: JTT substitution matrix, six rate categories, gamma parameter 1.0, and no invariant sites (Guindon and Gascuel 2003) . Genes were assigned as one-to-one orthologs when they formed a pure cluster with one gene from each species on the tree with strong bootstrap support. In these cases, the C. briggsae and C. remanei genes were named after C. elegans ABC genes prefixed by ''brj'' and ''rmj,'' respectively. Synteny information was recorded by performing BLASTP searches against WormPep using predicted proteins from C. briggsae or C. remanei ABC candidates and flanking genes as query. Synteny information was used as a reference for genomic dynamics but not as a criterion for assignment of ortholog. If two of the three consecutive genes flanking either side of the gene of interest were found to be in the same order in both animals, then synteny was assumed. If the gene of interest was found in a different orientation in relation to its adjacent one compared with those in C. elegans, an inversion was assumed. If three consecutive genes flanking either side of the gene of interest in C. elegans were found missing in the syntenic region of C. briggsae and C. remanei, a deletion was assumed. All other cases such as ambiguity or lack of flanking sequences were recorded as not applicable (NA). C. remanei gene models of the candidate ABC genes were processed in GFF format (http:/ / www.sanger.ac.uk/Software/formats/GFF/) and were then loaded into a BioTDBTGFF database for visualization with a searchable generic genome browser (Stein et al. 2003) . C. remanei ABC genes were searched and visualized for their genomic neighborhoods. The resulting syntenic data were incorporated with those from BLASTP searching of the flanking genes. ABC protein sequences for insect and mammalian species were retrieved from an ENSEMBL database based on a published ABC gene list (Dean et al. 2001; Sheps et al. 2004) , except for D. pseudoobscura for which the ABC sequences were recovered from a BLASTP with default settings.
Intron alignment: C. elegans Y39E4B.1 (ABCE) intron positions were retrieved from WormBase (WS 160). Intron positions of brjY39E4B.1 and rmjY39E4B.1 were derived from ab initio prediction of c002401148.Contig1 and Supercontig27.35, respectively, by FGENESH. To test the reliability of the prediction, a C. elegans genomic region encoding Y39E4B.1 was used as input for FGENESH. The predicted gene model was identical to the WormBase (WS160) annotated one confirmed by expressed sequence tags (ESTs), indicating the high accuracy of ABCE subfamily prediction by FGENESH (data not shown).
Identification of positive selection sites: We analyzed seven data sets consisting of ABCA, full-and half-sized ABCB, ABCC, D, F, and G subfamilies. F56F4.5 was excluded from subfamily A because of its unusually small size. Subfamilies E and H were excluded because they contain too few genes to analyze (one and two each, respectively). For each data set, a protein alignment was produced by CLUSTALW as described above. A ML tree was estimated by PHYML. A cDNA alignment that corresponded to its amino acid alignment was prepared, and the trees and alignments were used as input to CODEML. Sites with gaps were excluded from the analysis. Three different initial v-values (0.3, 1.0, and 3.4) were used to run CODEML for each data set using model 7 and 8. For cases in which the additional d N /d S ratio assigned by model 8 was .1, significance was tested by a x 2 test (with 2 d.f.) on twice the negative of the log-likelihood difference between models 7 and 8 (Thomas et al. 2005) . Specific sites under positive selection were those with probability .0.85 as determined by Bayes Empirical Bayes (BEB) analysis . The predicted sites were mapped to the secondary structure of a representative ABC protein, with ABC and TMD predicted by Pfam (Bateman et al. 2002) and TMHMM (Krogh et al. 2001) , respectively. The sites were also indicated by a star on the alignment produced in GeneDOC (Nicholas and Nicholas 1997) .
Confirmation of ortholog assignment by promoter-driven green fluorescence protein expression: We further tested whether ortholog assignments between C. elegans and C. briggsae were supported by functional analysis. A subset of ABC genes, especially those from tandem-duplicated ones, were chosen to verify whether a similar expression patterns can be observed. A fusion PCR technique was used to generate the promoterT green fluorescence protein (GFP) construct as described (Hobert 2002) . The fusion PCR product was co-injected with wild-type dpy-5 rescue DNA (pCeh361) (Thacker et al. 2006) into dpy-5 mutant CB907 with the concentration of 10 and 100 ng/ml, respectively. Visualization and imaging of GFP expression were done as described .
Mutant manipulations: Most of the single-gene mutant strains were generated by C. elegans Knockout Consortium. Outcrossing was performed at least twice with N2 Bristol male worms. None of them shows obvious phenotypes under normal growth conditions except for the T21E8.2 deletion mutant, which is lethal (supplemental Table 2 at http:/ / www.genetics.org/supplemental/). The lethality is caused by mutations closely linked to T21E8.2 on the basis of the following observations: first, a T21E8.1 and -2 double mutant appears to be wild type; second, cosmid T21E8, which covers the full-length genomic DNA of T21E8.2, did not rescue the lethality (data not shown).
RESULTS
ABC genes are well conserved among C. elegans, C. briggsae, and C. remanei: We reported 60 ABC genes in the C. elegans genome and grouped them into eight subfamilies according to their sequence similarity and domain organization ). Here we identified putative ABC genes in C. briggsae and C. remanei using a combination of ab initio gene prediction and database searching (see materials and methods). One of the C. elegans ABC genes, Y47C10AR.3, was missed in our previous report but included in this analysis. As a result, we were able to identify 58 and 59 ABC genes in the genomes of C. briggsae and C. remanei, respectively, which were grouped into subfamilies as described above. An ML phylogenetic tree was estimated for each subfamily using protein sequences from all three species (Figure 1, supplemental Figure 1 at http:/ /www.genetics. org/supplemental/). To facilitate the comparison of the nematode ABC genes with those of other organisms, we also included ABC sequences from humans, mice, and two fly species, D. melanogaster and D. pseudoobscura. Given the substantial differences in domain content, subfamily B was subdivided into two categories of genes: full-sized ($1400 amino acids on average) and halfsized ($700 amino acids on average). A separate ML tree was estimated for each of these two categories (supplemental Figure 1 , a and b, at http://www.genetics. org/supplemental/). Orthology describes genes separated from one another by speciation while paralogy describes those separated by gene duplication events (Fitch 1970) . C. briggsae and C. remanei ABC genes were assigned as one-to-one C. elegans orthologs when they were present on a tree branch consisting of a single ABC gene in each species. They were named after the corresponding C. elegans gene prefixed by ''brj'' and ''rmj,'' respectively. C. elegans genes are prefixed by ''elj'' only in the phylogenetic trees for ease of tree interpretation. In situations where a single ABC gene or a set of duplicated ABC genes in one species are on a branch with a set of duplicated ones in another species, these genes form co-orthologous groups with one another (Sonnhammer and Koonin 2002) . In these cases, the ABC genes in C. briggsae or C. remanei were named consecutively by subfamily prefixed by ''brj'' and ''rmj,'' respectively (Table 1; Figure 1 ; supplemental Figure 1 at http://www.genetics.org/supplemental/). In contrast to low orthology between ABC genes of C. elegans and other organisms, frequent one-to-one orthology was observed between ABC genes from the three nematode species. Similar levels of orthology were observed between humans and mice and between the two Drosophila species (Figure 1 ; supplemental Figure 1 at http://www. genetics.org/supplemental/). Of the 61 C. elegans ABC genes, 53 were found to have one-to-one orthologs in C. briggsae and C. remanei (Table 1) . Nearly all of these orthologs are also found in syntenic regions in each genome. Species-specific expansion or loss of ABC genes was seen primarily in the ABCA and full-sized ABCB subfamilies ( Figure 1A ; supplemental Figure 1a at http:/ /www.genetics.org/supplemental/). There are, in total, 16 tandemly duplicated ABC genes in the C. elegans genome, 10 of which are members of subfamily B (supplemental Figure 2 at http:/ /www.genetics.org/ supplemental/). C. briggsae or C. remanei orthologs were assigned for 6 of these 10 genes (Table 1) , while only 1, F22E10.1, was assigned a C. briggsae ortholog previously (Stein et al. 2003) . High levels of orthology were observed among the three nematode species for all the remaining subfamilies, including subfamily B (half-sized), C, D, E, F, G, and H ( Figure 1B ; supplemental Figure 1 , b-g, at http://www.genetics.org/supplemental/). To test the functional significance of the ortholog assignments, we chose a few orthologous pairs between C. elegans and C. briggsae and compared their anatomical expression patterns. The putative promoter sequences from these pairs drove GFP expression in similar patterns in all instances (supplemental Table 1 at http://www. genetics.org/supplemental/). The conservation of promoter elements was further confirmed by similar expression patterns resulting from reciprocal introduction of promoterTGFP constructs into each species, indicating that orthologous ABC genes between nematode species very likely share similar functions. Those genes in a clade consisting of one ABC gene from each nematode species are defined orthologs. Members from nematode, insect, and mammalian species are green, blue, and red, respectively. Numbers on the branch nodes indicate the percentage of bootstrap support from 500 replicates. Genes marked by stars probably have an unpredicted ortholog in the related species on the basis of TBLASTN searches (data not shown). Genes in nematodes that are not one-toone orthologs to C. elegans are named by subfamily and numbered and prefixed by brj and rmj (C. briggsae and C. remanei, respectively). #, a small-sized ABCA member unique in C. elegans; elj, C. elegans; dpj, D. pseudoobscura; dmj, D. melanogaster; mmj, Mus musculus; hsj, H. sapiens. The presence of extensive orthology among nematode ABC proteins is in drastic contrast to what was observed between ABC genes of C. elegans and more distantly related organisms. For example, only 8 of 49 (16%) human ABC genes were found in one-to-one orthologous relationships with those of C. elegans, while an almost identical ABC gene set was found between mice and humans (Dean et al. 2001; Sheps et al. 2004) . Rare orthology was also observed in a comparison between C. elegans and D. melanogaster or Saccharomyces cerevisiae. It is interesting to note that, despite poor orthology across these species, the overall numbers of ABC genes are roughly the same (Table 2) . Widespread orthology within the three nematode species and within mammals and insects suggests that ABC family radiation took place concurrently with the radiation of the invertebrate phyla. Alternatively, the observed patterns were caused by ongoing lineage-specific birth-death of ABC genes. To measure gene rearrangements among the three nematode species, we examined inversion and deletion events around orthologous ABC genes. Six and four inversion events were observed involving C. briggsae and C. remanei ABC genes, respectively, in relation to those of C. elegans. Frequent deletion events were also observed (Table 1) .
Tandem duplications of ABC genes in nematodes: There are 16 tandemly duplicated ABC genes in the C. elegans genome, forming two four-gene clusters and four two-gene clusters (supplemental Figure 2 at http:// www.genetics.org/supplemental/). Ten of them (the two four-gene clusters and one two-gene cluster) are composed of full-sized ABCB genes on the X chromosome (Figure 2) . It is the duplication of these ABCB members that explains the expansion of subfamily B within nematode species (.22 members each) compared to other organisms ($10 members each) ( Table  2 ; supplemental Figure 1a at http://www.genetics.org/ supplemental/). The three other two-gene clusters contain members of subfamilies C, D, and H (supplemental Figure 2 at http:/ /www.genetics.org/supplemental/; Table 1 ). The tandemly duplicated ABC genes are well conserved among the three nematode species except for the set of genes consisting of C05A9.1, T21E8.3, -8.2, and -8.1, as described below. The presence of most of these tandemly duplicated ABC genes within the three species indicates that they were duplicated before the first speciation, which took place $80 million years ago (Stein et al. 2003) . The four C. elegans genes, C05A9.1, T21E8.3, -8.2, and -8.1, form a clade, but instead of forming one-to-one orthologous relationships with their closest relatives in both C. briggsae and C. remanei, they appear to have arisen from speciesspecific duplications to form a cluster of paralogs, none of which can be unambiguously assigned one-to-one orthologs in the other two species even though they are present in synteny ( Figure 2.-Schematic of tandemly duplicated full-sized subfamily B genes present in syntenic regions in the three nematode species. (Top, middle, and bottom) Gene clusters in C. elegans, C. briggsae, and C. remanei, respectively. In C. elegans, the genes on the left and the right form two four-gene clusters while the two in the middle form a single two-gene cluster. The C. elegans genes in the left cluster are not orthologous to those in C. briggsae and C. remanei in the phylogenetic tree. The clusters are arranged by their order on chromosome X. Solid and open boxes represent ABC domains in the amino terminus and carboxyl terminus, respectively. Gene orientation is indicated by arrows. Solid and open triangles denote a reverse transcriptase gene and a transposase-like gene identified in the middle of the two C. briggsae four-gene clusters, respectively. brjF22E10.1 is in reverse orientation as opposed to F22E10.1(pgp-12). A residual ABC domain is found at the end of the C. briggsae syntenic region, which could be a remnant pseudogene (on the left). 1a at http://www.genetics.org/supplemental/). There is also an ABC transporter pseudogene syntenic with C05A9.1 in C. briggsae while no such a fragment was found in C. remanei (Figure 2) . It is interesting to note that a transposase-like and a reverse-transcriptase-like ORF are present in the two C. briggsae four-gene clusters, respectively. There is a lack of concordance among the inferred phylogenies for the four genes of the F22E10 cluster (supplemental Figure 1a at http://www.genetics.org/ supplemental/), along with an apparent inversion of brjF22E10.1 in relation to F22E10.1 (Figure 2) . The presence of a transposase-like ORF here points to a possible explanation for the complex history of this cluster.
A pairwise alignment of the syntenic genomic regions containing F22E10.1, 2, 3, and 4 between C. elegans and C. briggsae indicates excellent conservation of exon/ intron structure (supplemental Figure 3 at http://www. genetics.org/supplemental/), suggesting that the cluster was formed before the divergence of the three nematode species. The alignment also highlights putative regulatory DNA elements within both 59 and 39 untranslated regions. Some of these conserved elements have been shown to be involved in the regulation of tissue-specific expression such as excretory cellspecific expression supplemental Table 1 at http:/ /www.genetics.org/supplemental/).
Different subfamilies show differential divergence across species: Despite the overall orthology of ABC genes among the three nematode species, different rates of amino acid divergence were often observed among different subfamilies. ABCA subfamily members show the least interspecies or intraspecies sequence similarity while those from ABCD, E, and F subfamilies demonstrate the highest conservation ( Figure 1B ; supplemental Figure 1, d and e, at http://www.genetics. org/supplemental/), suggesting that subfamily A has undergone faster divergence in amino acid sequence. Six ABCA members were identified in C. briggsae whereas seven were identified in both C. elegans and C. remanei. Only four of the seven C. elegans ABCA subfamily members form one-to-one ortholog trios in the three species ( Figure 1A ). F56F4.6, F55G11.9, and Y53C10A.9 result from specific expansion in C. elegans and form a co-orthologous group with its counterparts, rmjABCA.1, -2, and -3 in C. remanei. C. briggsae has one member, brjABCA.1, which is co-orthologous with the above six genes, while maintaining one ancient paralog, brjABCA.2, that does not belong to any co-orthologous group. It is interesting that F56F4.6 has an unusually small size in relation to other ABCA members (260 aa vs. .1500 aa) whereas the syntenic brjABCA.1 and rmjABCA.2 have typical sizes (Table 1) . ABCA members are also subject to uneven expansion between the two Drosophila species and between humans and mice ( Figure 1A) .
In addition to the four-gene cluster consisting of fullsized ABCB members that are undergoing speciesspecific expansion, as mentioned above ( Figure 2 ; Table   1 ; supplemental Figure 1a at http://www.genetics.org/ supplemental/), some of the ABC genes are unique in one or two of the three nematode species. For example, Y57G11C.1 is a half-sized ABC gene of the ABCB subfamily that could be a pseudogene: there is no EST match (WS160), the loss-of-function mutant (VC15) appears to be wild type (supplemental Table 2 at http:// www.genetics.org/supplemental/), and its putative promoter did not drive observable GFP expression . Loss of function for many other single ABC genes does not show a specific phenotype (supplemental Table 2 at http://www.genetics.org/supplemental/), suggesting possible functional redundancies between paralogous ABC members.
Gene rearrangements were frequently seen among the three species. Six and four inversions were observed around ABC genes in C. briggsae and C. remanei relative to those of C. elegans, respectively. Deletions were also found to be involved in the evolution of the ABC family (Table 1) . Deletion or inversion events may be underestimated because some of the ABC genes are located at the ends of contigs, which makes it impossible to evaluate rearrangement events. An example is the case for rmjC47A10.1, which is present at the end of contig 703. Another example is brjY43F8C.12, which is split by two contigs with few overlapping sequences (supplemental Table 3 at http://www.genetics.org/ supplemental/). It is worth noting that a few ABC orthologs in C. briggsae or C. remanei are not present in the syntenic regions (Table 1) . It remains unknown whether those were derived from transposition, reciprocal translocation, or other chromosomal rearrangements.
C. briggsae and C. remanei ABC genes are more related to each other than to those of C. elegans: Comparisons among closely related species, as opposed to those among distantly related groups, are more likely to reveal evolutionary details that underlie life history. In addition, the time and the frequency at which evolutionary events such as intron gain or loss occurred may be obscured by comparison of distantly related species. Given the extensive conservation in the ABC family among nematode species, a comparison of ABC genes, especially those of the most conserved ones, could provide clues to the phylogeny among the three nematode species. Of the 53 ABC orthologous trios among the three nematode species, 39 C. briggsae and C. remanei ABC genes cluster with each other with the C. elegans ABC gene as an outgroup (Figure 1 ; supplemental Figure 1 at http://www.genetics.org/supplemental/), implying that C. briggsae and C. remanei are more related to each other than to C. elegans. This result is consistent with the recently resolved Caenorhabditis phylogeny using five different nuclear genes from 10 species (Kiontke et al. 2004) as well as other studies that used genes only from the same three species used here (Haag et al. 2002; Rudel and Kimble 2002) . Further evidence came from comparison of the intron evolution of Y39E4B.1, an extremely conserved ABC gene and the single member of the ABCE subfamily. Sequences of ABCE proteins are highly conserved among all eukaryotic species, especially in their NBD domains, which show .90% identity across all eukaryotes (Kerr 2004 ). The brjY39E4B.1 protein sequence has 98 and 95% identity to its C. remanei and C. elegans orthologs, respectively (data not shown). Notably, the ABCE subfamily has been found to have a single member in most eukaryotes, except in mice (Table 2 ; this study). The extreme conservation and one-to-one orthology makes this gene a promising candidate for inferring phylogenetic relations by comparison of its exon/intron evolution. To test the reliability of gene prediction for ABCE orthologs among the three nematode species, we performed an FGENESH ab initio gene prediction on the 40-kb syntenic regions, centering on the ABC coding sequence from all three species (see materials and methods). The predicted C. elegans exon/intron structure is identical to that annotated from EST evidence (WS160), indicating the high reliability of prediction of such a conserved ORF. The prediction results for brjY39E4B.1 and rmjY39E4B.1 show identical exon/ intron structures, with six exons and five introns in the same locations and phases. In contrast, C. elegans Y39E4B.1 has five exons and four introns (Figure 3) . Given relatively frequent intron loss within the nematode species (Kiontke et al. 2004) , it is possible that Y39E4B.1 lost an intron in exon 3 because its size is equal to the combined sizes of exon 3 and 4 of brjY39E4B.1 or rmjY39E4B.1. In addition, the sizes of the remaining exons are also different between C. elegans and C. briggsae/C. remanei even though the three orthologs have the same protein sizes (Table 1) . Taken together, these data suggest a closer relation between C. briggsae and C. remanei than between either of the two species and C. elegans, which is consistent with tree data from other conserved ABC genes.
Positive selection in the ABC subfamilies: The presence and total size of the ABC gene family is highly conserved among closely related genomes despite being subject to fluctuation in subfamily size. It has been pointed out that the ABC gene family does not seem uniformly subject to one or the other mode of evolution ). For example, subfamilies E and F, which are not involved in membrane transport, have high rates of orthology over distantly related genomes, whereas subfamilies involved in transport are subject to faster evolution. We previously described that tandemduplicated ABC genes seem subject to subfunctionalization. To examine whether there are any other mechanisms that are involved in shaping the ABC family dynamics, we examined the possibility of positive selection operating in the family. We began by measuring the nonsynonymous and synonymous substitution ratio (d N /d S ) within individual C. elegans transport subfamilies because sequences within the same subfamily are usually similar in size and diverge from each other at reasonable distance. One exception is subfamily B, within which both full-sized and half-sized ABC proteins exist, as mentioned above. We treated these two groups as discrete data sets as described below. In each case, d N /d S was estimated by the ML approach, as implemented in the CODEML program (Yang 2000) . Three pairs of the nested CODEML model were run on seven data sets consisting of ABCA, full-sized ABCB, half-sized ABCB, ABCC, ABCD, ABCF, and ABCG subfamilies, respectively (supplemental Table 4 at http://www. genetics.org/supplemental/). Strong evidence for positive selection was detected only in subfamily D ( Figure  4 ; supplemental Figure 4 at http://www.genetics.org/ supplemental/). To get a better understanding of how positive selection might affect protein function, we used the Bayes Empirical Bayes method of CODEML to determine specific sites with posterior probabilities of positive selection .0.85. These sites were mapped onto the secondary structure of a representative protein. ABCD subfamily members encode half transporters, which form hetro-or homo-dimers in vivo. All those that have been functionally characterized are expressed exclusively in the membrane of the peroxisome, where they regulate the transport of very-long-chain fatty acids (VLCFA) (Hettema et al. 1999) . Strong positive selection sites were observed mostly within the region connecting the ABC domain and its adjacent transmembrane (TM) Figure 3 .-Exon/intron structure of the single ABCE gene from the three nematode species. Syntenic genomic regions in C. briggsae and C. remanei centering on the Y39E4B.1 were used as input for FGENESH (Salamov and Solovyev 2000) using default parameters. The exon/intron size and positions were extracted from FGENESH output to draw the diagram. CE, Y39E4B.1; CB, brjY39E4B.1; CR, rmjY39E4B.1.
domain and less frequently in the three TM domains and intra-or extraperoxisomal regions. Two sites were found between the Walker A motif and the ABC signature motif, which form the highly conserved ABC domain together with the Walker B motif (Figure 4) . Weak positive selection sites were also detected in subfamily A (data not shown). No significant positive selection was detected for the remaining data sets. A complete list of the sites under positive selection (BEB probability .0.85) is provided in supplemental Figure 4 at http:/ / www.genetics.org/supplemental/. We did not test for positive selection for subfamilies E and H because the number of genes was too small to yield a confident estimation.
DISCUSSION
ABC transporters belong to one of the largest protein families that either import or export an unusually large spectrum of different substrates. In eukaryotes, ABC transporter genes are involved only in export (Saurin et al. 1999 ). Here we conducted a comparative analysis of the ABC family between the three closely related nematode species C. elegans, C. briggsae, and C. remanei and inferred the phylogenetic relationship among the genes by ortholog clustering in a phylogenetic tree and intron/exon structure comparison of ABCE members. Positive selection among the members of individual subfamilies was also examined.
Widespread orthology of ABC genes between nematode species: ABC genes show frequent one-to-one orthology among C. elegans, C. briggsae, and C. remanei. In general, the orthologous trios formed well-separated groups on the phylogenetic tree, indicating that they have a common ancestor (Figure 1 ; supplemental Figure 1 at http://www.genetics.org/supplemental/). Frequent one-to-one orthology was also found between other groups of closely related species: humans and mice and the two Drosophila species. However, oneto-one orthology of ABC genes is poor when such a comparison is made between distantly related organisms. Good conservation among only closely related species implies that there are ongoing ABC gene birth-and-death events that take place in a lineage-specific manner.
The evolutionary pattern fits the model called ''dynamic coherence,'' which argues that gene families behave in a coherent fashion within the genome, i.e., that probabilities of duplication and deletion of genes within a gene family are not independent of each other (Huynen and van Nimwegen 1998) . In agreement with this model, ABC gene subfamilies have undergone lineage-specific expansions or deletions while maintaining a similar number of genes in the family as a whole. For example, 10 tandemly duplicated ABC genes are found within subfamily B in C. elegans, which explains the expansion of the subfamily relative to non-nematode species (Table 2) . However, nematode species have a smaller subfamily A than other organisms, which could be a consequence of gene deletion. Given that both the human and C. elegans full ABCB genes are involved in drug/toxin resistances (Broeks et al. 1996; Ling 1997) , nematode-specific expansion of ABCB subfamily B possibly provides more efficient protection against toxins or other noxious materials present in their ecological niche, i.e., soil. Tandem duplications of ABC genes are not uncommon. For example, tandem duplications account for the lineage-specific expansions of subfamily A in mammals and subfamily G in insects, respectively (Dean et al. 2001 ). The eye-color genes white (w), brown (bw), and scarlet (st) of D. melanogaster encode three proteins that belong to subfamily G and are involved in the transport of guanine and tryptophan (precursors of the red and brown eye pigments) (Ewart et al. 1994) . Nematodes have evolved a set of lineage-specific subfamily G members, of which the functions remain unknown (supplemental Figure 1f at http:/ /www.genetics. org/supplemental/). Also, nematodes do not have ABC genes thought to be involved in cholesterol transport, which are shared by mammals and insects (Dean et al. 2001) .
Investigation of both paralogous and orthologous members of large gene families can provide insight into genome evolution and phylogenetic relationships. It is interesting that most of the C. remanei ABC genes phylogenetically cluster with C. briggsae ones with those of C. elegans as its outside group. In agreement with this, exon/intron structures of the highly conserved ABCE proteins are more similar to each other between C. remanei and C. briggse than between either of the species and C. elegans, suggesting a closer relationship between C. briggsae and C. remanei than between either of the species and C. elegans. This agrees well with what has been reported (Kiontke et al. 2004) , suggesting that the evolution pattern of ABC genes can provide useful insight for phylogeny. Divergence of ABC genes between nematode species: Despite frequent one-to-one orthology among the three nematode species, varying patterns of divergence among ABC genes are apparent. For example, ABCA subfamily members have diverged faster in amino acid sequence, on the basis of both the phylogenetic tree and the syntenic data, and three of the seven C. elegans ABCA members are not orthologous to single ABC genes in either C. briggsae or C. remanei. C. briggsae-specific clustering was not seen in the subfamily but two members, brjABCA.1 and -2, still share an ancient ancestor with the above clusters ( Figure 1A) . The next closest relative of the three genes in C. elegans is C48B4.4/ced-7, which has been reported to be involved in engulfment of the cell corpses left behind by apoptosis (Wu and Horvitz 1998) . Whether such an evolutionary pattern reflects differences in cell-corpse engulfment among nematode species remains to be explored.
Species-specific clustering of ABC genes was also observed in subfamily B members that resulted from tandem duplications. It is intriguing that four C. elegansduplicated ABCB members, C05A9.1, T21E8.1, -2, and -3, are not orthologous to any gene in C. briggsae and C. remanei but a group of genes in the latter two species are nevertheless syntenic to the four C. elegans genes (Figure 2 ; Table 1 ), suggesting that the syntenic information may not necessarily reflect the origin of related genes. The presence of a transposase-like and reversetranscriptase-like ORF within the two four-gene clusters suggests that transposition may have played a role in formation of this tandem cluster. It is increasingly clear that eukaryotic gene order is not random (Hurst et al. 2004) . About half of the membrane protein genes in more than a dozen of sequenced genomes were found to be in tandem clusters (Kihara and Kanehisa 2000) . Nematode genes appear to have a faster rate of rearrangement compared to those of Drosophila. We estimated that there is one rearrangement event for every five ABC genes between C. elegans and C. briggsae, which is approximately the same rate as previously reported, i.e., 4030 rearrangements for the whole genome between the two worms (Coghlan and Wolfe 2002) .
The human ABCB subfamily contains a well-studied member, ABCB1/MDR1/PGP-1, which is involved in multiple drug resistance. The PGP1 protein is a broadspectrum multidrug efflux pump with the common ABC protein structure of 12 transmembrane regions and two ATP-binding sites (Chen et al. 1986 ). The transmembrane regions are believed to bind hydrophobic drug substrates that are either neutral or positively charged (Ambudkar et al. 1999) . C. elegans pgp genes (encoding full-sized ABCB members) have also been reported to be involved in drug resistance. For example, a pgp-3 (ZK455.7) mutant shows increased sensitivity to chloroquine and colchicines as well as to toxins produced by Pseudomonas auruginosa (Mahajan-Miklos et al. 1999) . Both pgp-1 (K08E7.9) and pgp-3 mutants have been reported to be hypersensitive to the heavy metals cadmium and arsenate (Broeks et al. 1996) . Expansion of the nematode B subfamily by duplications could play a major role in dealing with these environmental challenges.
Positive selection in ABC family: Positive selection can be inferred from estimating rates of synonymous and nonsynonymous nucleotide substitution among the related genes. Strong evidence for positive selection at multiple sites was detected in subfamily D ( Figure  4 ) and weaker evidence was found in subfamily A (data not shown).
The human ABCD1/ALDP gene encodes a half transporter, mutation of which caused adrenoleukodystrophy (Mosser et al. 1993 ). The gene is believed to be involved in the transport of VLCFAs across peroxisome membranes. All the human ABCD subfamily members identified so far are peroxisome exclusive half ABC transporter genes but their transcript abundance varies with tissues (Lombard-Platet et al. 1996) . The ABCD genes are expected to be functional only after formation of homo-or hetrodimers. Homodimerization of ALDPs and heterodimerization of ALDP with ALDR or PMP70 have been demonstrated in vitro (Liu et al. 1999; Smith et al. 1999) . Instead of four members, there are five ABCD subfamily members in C. elegans, two of which result from tandem duplication (Table 1; supplemental Figure 2 at http://www.genetics.org/supplemental/). Given the good orthology of the subfamily between C. elegans and Homo sapiens, it is likely that worm ABCD members play similar roles to those of mammals after forming a dimer. It is surprising that positive selection is observed within such a highly conserved subfamily. We speculate that positive selection sites within the ABCD subfamily could reflect the dynamic changes in food availability. C. elegans is a soil-dwelling nematode species that feed on bacteria. The spectrum of bacterial species varies with time and location. As a result, the nematode may experience changes in the source of VLCFAs, the substrates for a functional transporter formed by ABCD proteins. These changes could drive the observed positive selection.
